Abstract Treatment of pediatric diffuse intrinsic pontine glioma (DIPG) remains challenging, and reliable biomarkers of response are lacking. Radiographic response is a primary endpoint in many investigational studies of brain tumors, but there is no standard method of tumor measurement for DIPG, significant inter-observer variability exists given the invasive nature of these tumors, and tumor measurements are not predictive of outcome. Because DIPGs involve a significant portion of the pons, we evaluated the reliability and prognostic value of one-dimensional (1D) and two-dimensional (2D) pons measurements using anatomical landmarks rather than tumor boundaries. Patients with DIPG (n = 75) were evaluated longitudinally at our institution using MRI. Four readers independently performed 1D and 2D measurements of the pons using FLAIR images. Agreement and inter-reader variability were evaluated using differences among the six reader pairs and the coefficient of variation (CV). Prognostic value of pons measurements was calculated using Cox proportional hazards models, where relative hazard (RH) represents risk of death. Readers evaluated 384 exams. Agreement of readers' 1D and 2D measurements was strong (median difference between reader pairs 3.1 and 5.4 %, respectively), with low inter-reader variability (median CV = 3.1 % and median CV = 4.8 %, respectively). Increases in 1D and 2D pons measurements over time indicated poorer prognosis (RH = 2.29, p = 0.0025 and RH = 1.13, p = 0.0016, respectively), with shorter overall survival. Pons measurements had low inter-reader variability compared to previously reported tumor measurement techniques and correlated with outcome in children with DIPG. Measurements of the pons (as opposed to direct measurements of tumor) are a viable in vivo biomarker for DIPG.
Introduction
Diffuse intrinsic pontine gliomas (DIPGs) represent the majority ([75 %) of pediatric brainstem tumors and carry the worst prognosis of all childhood brain tumors [1, 2] . Current treatment strategies for DIPG remain unsuccessful with a median survival of less than 12 months and less than 10 % survival 2 years after diagnosis [3, 4] . With limited standard treatment options (i.e., radiation therapy) and a dismal prognosis, many patients enroll in investigational trials. Endpoints for assessing treatment response and tumor progression in most investigational studies of brain tumors are based on radiographic response, typically calculated by one-dimensional (1D) or two-dimensional (2D) tumor measurements using signal differences found on standard clinical MRI sequences. However, DIPGs are infiltrative tumors with indistinct borders, and tumor measurements are difficult to obtain reliably and consistently, even among experienced readers [5] . MRI findings such as contrast enhancement are variable among patients, non-specific and not predictive of outcome [6] [7] [8] .
Advanced imaging techniques such as magnetic resonance spectroscopy (MRS) and perfusion imaging have been used to evaluate DIPG and have yielded potential biomarkers. Increased Cho:NAA from MRS and increased perfusion are both associated with poor patient outcome [9, 10] . However, these techniques require additional scanning time and specialized analysis techniques, which are not standardized across multiple institutions. The purpose of this study was to evaluate a potential biomarker for DIPG using commonly acquired clinical MRI data.
Although the margins of DIPG itself are often indistinct, the anatomical boundaries of the pons generally remain visible and can be clearly demarcated. Based on this observation, we hypothesized that measurements of the pons using anatomical landmarks, rather than direct measurements of the tumor based on signal abnormalities within the pons and surrounding tissues, may be a more reliable in vivo biomarker for evaluating children with DIPG. We investigated the reproducibility and variability of 1D and 2D measurements of the pons among readers and the prognostic value of these pons measurements in children with DIPG.
Materials and methods

Patients
This retrospective study included children (21 years old or less at diagnosis) enrolled in an IRB-approved protocol at our institution between October 1997 and January 2012 for the evaluation or treatment of newly diagnosed, recurrent, or refractory DIPG. Diagnosis of all patients was confirmed at the time of evaluation based on clinical presentation and radiographic features. Patients having predominantly exophytic lesions were excluded, as the clinical course for these patients is not representative of classic DIPG. Additional inclusion criteria were as follows-1) Patients underwent at least one MRI at our institution that included pre-or post-contrast axial fluid attenuated inversion recovery (FLAIR) images, 2) MRI studies were archived and available for review on our institution's picture archiving and communication system (PACS) and 3) MRI studies were reviewed by a neuroradiologist at the time of imaging and found to be of acceptable quality for clinical use (e.g., no significant image distortion, no motion artifacts).
MRI
MRI exams were performed at our institution on a 1.5 or 3 T scanner (GE Medical Systems, Milwaukee WI and Philips, Best, Netherlands). Most patients were sedated during the procedure; propofol was used in the majority of these cases, as was supplemental oxygen. Clinical MRI sequences included pre-and post-contrast T1-weighted, pre-contrast T2-weighted and pre-or post-contrast FLAIR images. For patients with multiple MRI exams, clinical images were co-registered to the first available scan performed at our institution using an automated registration processing technique developed using MEDx (Medical Numerics, Inc., Germantown MD). Co-registration ensured that all relative changes in pons measurements between scans were real and not artifact due to variation in patient position relative to the slices. FLAIR images (maximum slice thickness = 5 mm, range = 2-5 mm, no interslice gap) were selected for pons measurements based on the superior inter-observer reliability of FLAIR measurements in patients with DIPG compared to other clinical imaging sequences [5] . 
Pons measurements
Four readers-one neuroradiologist (E.B.), one neurooncologist (K.W.), and two MRI analysis specialists with measurement training (E.S. and S.S.)-independently performed pons measurements using the standard measurement tools on our institution's PACS workstations. For each scan, each reader identified the slice on the axial FLAIR image with the maximum diameter of the pons in any direction (d 1 ) and the corresponding maximum perpendicular diameter to d 1 within the same axial slice (d 2 ), as shown in Fig. 1. d 1 represented the 1D measurement of the pons. 2D measurements of the pons were calculated using the product of d 1 and d 2 . Anatomical landmarks including the cerebellopontine angle and cistern and the sulcus formed by the junction of the pons and the middle cerebral peduncle were used to delineate the boundaries of the pons (Fig. 2) . Cystic regions of the tumor were included in pons measurements when the entire cystic area was considered to be within the anatomical boundaries of the pons.
Statistical analysis
Inter-observer variability was estimated by first calculating the coefficient of variation (CV) over the four readers for each scan, where the CV is defined as the standard deviation divided by the mean, and then calculating the median and the mean of these CVs. Agreement of 1D and 2D measurements among readers was evaluated using a pairwise Spearman rank correlation. Agreement among readers was further evaluated by calculating the median and the 95th percentile of the percent differences between each of six reader pairs for each scan, where the percent difference is defined as the absolute value of the difference divided by the mean of the two measurements of the reader pair. We also evaluated the percentage of studies in which the percent difference was greater than 25 %, as reported in a previous study of tumor measurement techniques in children with DIPG [5] .
In children, the normal pons continues to grow from infancy until adulthood [11] . Given the broad age inclusion criteria of this study (e.g., B21 years) and length of followup in some of our cases ([500 weeks), changes in measurements of the pons could be the result of both tumor growth and normal, age-related growth. Age-matched normal controls were not obtained for comparison in our study. Rather, we examined the relationship between pons measurements and patient age using a Spearman rank correlation.
Averaged 1D and 2D measurements from all four readers at each exam were used to assess the prognostic value of 1D and 2D pons measurements. Overall survival time was calculated as the time from the first scan to the date of death or the last follow-up for those patients still under evaluation at the time of analysis. Median 1D and 2D pons measurements were used to compare survival among patients using the Kaplan-Meier method and log-rank test. The likelihood ratio test of univariate and multivariate Cox proportional hazards models was used to assess the prognostic value of measurements from each patient's first exam at our institution. We then applied the same models with time-dependent covariates to evaluate the prognostic value of changes in 1D and 2D measurements over time during subsequent exams. Changes over time were evaluated as incremental changes in measurements (10 mm for 1D, 100 mm 2 for 2D) and percent increases (C10 % for 1D, C25 % for 2D). We chose to include the relationship between outcome and percent changes in pons measurements as this type of evaluation is more commonly used for measurement techniques than absolute changes. Patient prognosis associated with changes in 1D and 2D measurements was expressed as a relative hazard (RH), where RH [ 1 represents increased risk of death (i.e., poorer prognosis). Each estimated RH is adjusted for the effects of the other risk factors in the model. p B 0.05 was considered statistically significant for all analyses. Data were analyzed using SAS version 9.1.3 (SAS Institute Inc., Cary, NC).
Results
Patients and imaging
Seventy-five patients had MRI exams that met inclusion criteria for this study. Median age at diagnosis was 6 years 
Measurement
Each reader performed a total of 384 1D and 2D measurements. For one patient, the 2D measurements on each of his exams (n = 3) were substantially different for one reader compared to the other three readers. These three cases were included in our evaluations. 1D and 2D measurements averaged across all four readers are presented in Table 1 .
Variability and agreement of measurements among readers
Median CV for 1D measurements across all exams was 3.1 % (mean = 3.7 %, interquartile range = 1.8-4.8 %). Median CV for 2D measurements across all exams was 4.8 % (mean = 5.8 %, interquartile range = 3.3-7.1 %). We found a strong correlation of both 1D and 2D measurements among the four readers (range of Spearman rank correlation coefficient, q = 0.84-0.94 for 1D measurements and q = 0.93-0.97 for 2D measurements). Median percent difference among reader pairs was 3.1 % for 1D and 5.4 % for 2D ( Table 2 ). Percentage of studies in which readers' 1D and 2D measurements differed by more than 25 % was low (0.7 and 2.6 %, respectively) These results show that variation among readers was relatively low for both 1D and 2D measurements compared to a previous analysis of 1D and 2D tumor measurements in DIPG which reported significant variability among readers using FLAIR images [5] . Also, as in previous studies, we found lower variability in 1D measurements compared to 2D measurements.
Patient age and pons measurements
Overall, we observed no significant trend between pons measurements and patient age (Spearman rank correlation coefficients 0.18 for 1D measurements and 0.15 for 2D, p [ 0.10 for each). 1D and 2D measurements from the patients' first exams were slightly larger in patients over 6 years of age (medians 48.8 mm and 1,741 mm 2 , respectively, vs 45.0 mm and 1,532 mm 2 for patients under 6 years), but the differences were not statistically significant (p = 0.10 for each) and within each age group, correlation coefficients were close to zero (range = -0.06-0.04, p [ 0.7).
Correlation between measurements and survival
Kaplan-Meier two-group analysis found patients with 2D pons measurements above the median (1,642 mm 2 ) had significantly shorter survival (p = 0.0022) compared to patients with measurements below the median (Fig. 3) . Differences in survival for patients with 1D pons measurements above and below the median were not significant (p = 0.087). Table 3 summarizes the results of the correlation of pons measurements with patient prognosis as assessed using Cox proportional hazards models. Patients had shorter overall survival times and a poorer prognosis in proportion to higher 2D FLAIR measurements at their first exam (p = 0.0004). Both 1D and 2D measurements taken from each patient's first exam were associated with overall survival (p = 0.006 and p = 0.0004, respectively). However, 2D measurements had a much stronger association with patient outcome compared to 1D measurements. Change in pons measurement over time (i.e. during therapy) was also significant. Patients with increasing 1D and 2D pons measurements had a much poorer prognosis, estimated as a [1.1 increased risk of death (i.e., relative hazard ratio) for each 100 mm 2 increase and a [2-fold increased risk of death for each 10 mm increase in 1D measurement, compared to patients with stable or decreasing pons measurements (Table 3) . Larger increases in 2D measurements were associated with a greater risk of death. For example, a 600 mm 2 increase was associated with a [2-fold risk of death and an 850 mm 2 increase was associated with a [3-fold risk of death. As shown in Table 4 , a C10 % increase in 1D measurements or a C25 % increase in 2D measurements gave a patient a much poorer prognosis and shorter expected overall survival. In some cases, pons measurements decreased compared to the previous exam. A C5 % decrease in 1D measurements or a C10 % decrease in 2D measurements tended toward a better prognosis for patients, but these findings did not reach statistical significance (Table 4) .
Discussion
Conventional MRI is typically used to monitor changes and response in children with DIPG. However, response criteria (e.g., contrast enhancement and tumor measurements) are not standardized and are difficult to obtain given the widespread infiltration, irregular borders and heterogeneous appearance of DIPG on MRI. 1D (e.g., response evaluation criteria in solid tumors, RECIST criteria) and 2D (e.g., MacDonald criteria) tumor measurement techniques are commonly used for determining radiographic response, but as previously reported, without distinct tumor boundaries, measurements of DIPG are difficult to obtain and highly-variable among readers [5] . For patients with DIPG, the majority of the tumor burden is, by definition of the diagnosis, centralized in the pons. Despite invasion and expansion of the pons, many of the anatomical landmarks remain intact and visible on MRI. We hypothesized that changes in the size of the pons reflect changes in tumor burden and that measurements of the pons may be a more reliable alternative to direct tumor measurements for monitoring treatment-related changes and predicting outcome. Unlike previously reported tumor measurement techniques in which tumor boundaries can be difficult to define, pons measurements as defined by the anatomical boundaries of the pons, can be obtained consistently and reliably among readers and serve as clinically relevant markers of outcome. In this study, we found lower interreader variability using pons measurements compared to previous analyses of tumor measurements in children with DIPG [5] .
Treatment of children with DIPG remains challenging. Recent histological studies of these tumors at autopsy have revealed several potential therapeutic targets [12] [13] [14] [15] [16] [17] [18] . However, the eloquent location of these tumors severely limits tissue sampling in these patients, and in vivo biomarkers are needed for clinically relevant endpoints in clinical trials to determine drug efficacy and treatment response. Accurate, reproducible assessment of tumor burden is important in gauging response to therapy. In this study, increasing pons measurements were strongly associated with patient prognosis. Results from our analysis indicate that patients with a large increase in 2D measurements will have a shorter survival time compared to patients with smaller increases, suggesting that changes in size of the pons during therapy may be indicative of response or lack of response, and 1D and 2D pons measurements are potential candidates for surrogate endpoints in clinical trials. Agreement among readers in our study was strong, with low inter-reader variability and few cases with more than 25 % disagreement, despite the varying levels of experience in the analysis and interpretation of brain MRIs among the four readers. These findings suggest that pons measurements should be reproducible at multiple institutions.
We also demonstrate that larger pons size at the patient's initial evaluation and changes in 1D and 2D pons size over time are prognostic. Overall, 1D measurements generally had weaker associations with survival than 2D measurements. Few prognostic factors have been identified for DIPG, and most are based on advanced imaging techniques such as MRS [9, [19] [20] [21] or dynamic susceptibility contrast perfusion [10] , which require additional time for image acquisition and analysis and (in the case of perfusion imaging) additional exposure to MR contrast agents. The 1D and 2D pons measurements used in our study can be made on images that are part of the standard clinical MRI exam performed at most institutions, without the need for additional imaging sequences, specialized equipment or specialized analysis software.
Limitations
This study was performed retrospectively and evaluated a heterogeneous group of patients with DIPG seen at our institution during a 15-year period. As such, there was some variation in scan sequences parameters, such as slice thickness due to changes in our imaging protocols over time. Post-contrast FLAIR was used for measurements in studies where pre-contrast FLAIR was not obtained. Use of both pre-and post-contrast FLAIR images may present some additional variation in pons measurements, but the contribution is probably minor as anatomical boundaries, rather than signal characteristics, were used to guide the measurements. As patients were referred to our institution at varying stages of their disease course, timing of scans used for pons measurements was variable relative to time from diagnosis and clinical course. Timing of follow-up scans was also variable, depending on the imaging requirements of the investigational study in which the patient was enrolled and the availability of families to return for follow-up imaging at our institution rather than their home institution. Such variability in treatment course and timing of imaging exams precluded an evaluation of growth rates in our study population. We examined the relationship between pons measurements and patient age using a Spearman rank correlation rather than evaluate agematched controls. We expect the contribution of normal growth to be minimal as the growth of the normal pons is small compared to tumor growth in these patients and the majority of these patients survived less than a year.
Conclusions
We demonstrate that measurement of the entire pons is feasible, reproducible, and prognostic for children with DIPG. In this study, 1D and 2D pons measurements were obtained with a strong correlation and much lower variability among multiple readers compared to previous reports of tumor measurements in DIPG. Both actual and percentage changes in 1D and 2D measurements over time had a significant association with patient survival. Based on the findings of this study, pons measurements are a reliable, in vivo biomarker for DIPG.
